Plasma wave data from the spacecraft Dynamics Explorer 1 were used to study the source location and beaming of terrestrial continuum radiation. This study shows that the radiation usually is generated near the magnetic equator at radial distances ranging from 2.0 to 4.0 Re. The radiation is beamed outward in a broad beam directed along the magnetic equator with a beam width of about 100 ø. The overall frequency of occurrence of continuum radiation was found to be 60% with a sharp increase near the midnight meridian, increasing in the dawnward direction. Several case studies are presented to illustrate various characteristics of continuum radiation. The observed characteristics are then compared with the radio window model of Jones. Several characteristics not predicted by Jones' model are observed. These include large latitudinal asymmetries, an absence of a minimum in the occurrence and intensity at the equator, a tendency for higher frequency bands to come from larger and more diffuse source regions, and the emergence of several distinct beams from a single region. In particular the absence of a minimum in the occurrence and intensity at the equator and the emergence of beams of radiation at sharply distinct angles from one source region constitute evidence against the radio window model. Also, the basic equation for the beaming angle with respect to the magnetic equatorial plane is found to be a poor predictor of the observed beaming angle. The evidence against the radio window model is partially mitigated by the facts that the source of radiation is probably extended in space and frequency and that sometimes radiation from the Sun interferes with the direction finding. Overall, these observations imply that the radio window model does not fully explain the beaming pattern of continuum radiation.
INTRODUCTION
In this paper the source location and beaming of escaping terrestrial continuum radiation are studied using directionfinding measurements from the Dynamics Explorer 1 spacecraft. The results are then compared with predictions of the radio window model of Jones [1980] . The study of terrestrial continuum radiation extends back more than 15 years. In an early spacecraft study of the galactic radio spectrum, Brown [1973] gation literature as the "radio window." For a description of this mechanism, see the papers by Jones [1976 Jones [ , 1980 Jones [ , 1981 Jones [ , 1982 [1987, 1988] , and Gurnett et al. [1988] . A discussion of the theory of linear mode conversion is also given in the textbook by Budden [1985] . In the process proposed by Jones, electrostatic waves near the upper hybrid resonance (UHR) frequency are converted primarily to escaping left-hand-polarized ordinary (L-O) mode radiation in regions of large density gradients, such as occur near the plasmapause and magnetopause [Budden and Jones, 1987] . According to Jones' analysis, the radiation emerges from the window in a plane defined by the magnetic field and the density gradient at two angles Jones presented data that show evidence of this beaming effect around the Earth [Jones, 1980 [Jones, , 1987 as well as at other planets [e.g., Jones, 1981 Jones, , 1988 . The escaping radiation has also been confirmed to be propagating in the L-O mode by Gurnett et al. [1988] , as predicted by Jones' theory. Since a steep plasma density gradient also exists at the magnetopause, Jones [1987] suggested that the magnetopause may also be a possible source region. It is clear that many features of the observations agree with Jones' theory. However, the linear mode conversion mechanism has been criticized by R6nnrnark [1989] on the grounds that the conversion efficiency is too low to explain the observed radio emission intensities. On the other hand, a study by Horne [1989] suggests that the linear mode conversion process can account for the observed intensities if wave growth is integrated along the wave path.
Several nonlinear conversion mechanisms have been proposed but have not been developed as extensively as the linear radio window model [Melrose, 1981; Murtaza and Shukla, 1984] . All of the nonlinear mode conversion models involve an interaction between two waves to generate escaping electromagnetic radiation at the sum or difference of the frequencies of the two interacting waves. In almost all cases the high-frequency wave is assumed to be an electrostatic UHR wave. The second wave could be either another UHR wave or a low-frequency wave such as an ion cyclotron wave. For an overview of possible nonlinear conversion mechanisms that could account for the escaping continuum radiation, see Melrose [1981] .
The theories of R6nnrnark [1983] and Murtaza and Shukla [1984] make predictions concerning waves parallel and perpendicular to magnetic field lines. The linear theory of Okuda et al. [1982] and Ashour-Abdalla and Okuda [1984] also does not make a detailed prediction of the intensity distribution. Only the radio window theory makes a specific prediction concerning distribution of intensity with angle from the magnetic field [Budden and Jones, 1987] . Thus it is uniquely suited for comparison with our results.
Our main objective in this paper is to use the radio direction-finding capability of the Dynamics Explorer 1 spacecraft, hereafter referred to as DE 1, to investigate the source location and beaming of the escaping continuum radiation. Some studies of this type have already been carried out [Jones, 1980 [Jones, , 1987 Gurnett et al., 1988] . However, the events presented in these papers were selected because they had characteristics that agreed with the radio window model. In this study we present a survey of all of the continuum radiation events observed in the DE 1 data set. This more comprehensive approach allows us to form conclusions based on a large number of observations, rather than on one or two isolated events that agree with a specific theory.
2.
SPACECRAFT AND INSTRUMENTATION DE 1 was launched into an eccentric polar orbit on August 3,1981. For a description of the spacecraft, see Hoffman and Schrnerling [1981] . The geocentric radial distances of the apogee and perigee are 4.67 Roe and 1.11 Roe, and the orbit period is 6.6 hours. The spacecraft is spin stabilized with its spin axis oriented perpendicular to the meridian plane. The nominal spin period is 6 s.
Since continuum radiation tends to be observed at radial distances beyond 3 Roe and within about 30 ø of the magnetic equator, the orbit of DE 1 strongly constrains the times when continuum radiation can be observed. These times occur when the apogee is near the magnetic equator. For the DE 1 orbit, the argument of apogee advances at a rate of 108 ø per year. Therefore the apogee crosses the magnetic equator once every 1.67 years. During the period for which we have data, there are only two periods, roughly from January to September 1982 and from July 1983 to April 1984, for which the spacecraft was in a suitable position for studying continuum radiation. Because of this orbital constraint, the local time coverage is not uniform. Most of the observations were made in the local afternoon and evening, from about 1200 hours MLT (magnetic local time) to 0200 hours MLT.
The plasma wave instrument used to make these measurements is described by Shawhan et al. [1981] . All of the measurements analyzed were from the Ex electric dipole antenna, which has a tip-to-tip length of 200 m and is oriented perpendicular to the spacecraft spin axis. At high frequencies this antenna has an effective length of 100 m. For the periods of interest all of the data analyzed were obtained from a sweep frequency receiver (SFR), which samples the frequency range 100-400 kHz in 128 frequency steps with a nearly constant fractional frequency resolution. These 128 steps are divided into 4 channels of 32 steps each. In the sweep mode, each step is sampled for 1 s, so that a complete sweep takes 32 s. At the frequencies where the continuum radiation is observed, the noise level of the receiver is approximately 10 -•6 V 2/m 2 Hz.
DISTRIBUTION
IN MAGNETIC LOCAL TIME AND
CORRELATIONS WITH MAGNETIC INDICES
In order to determine the frequency of occurrence of continuum radiation and analyze its distribution in magnetic local time, a preliminary statistical study was undertaken. In this study the sample set consisted of spectrograms which included a spacecraft magnetic equator crossing at a geocentric distance of 3.5 Roe or greater. A distance of 3.5 Roe was chosen as the inner limit of the sampling region to assure that we would see radiation down to about 30 kHz. The events analyzed covered two periods, from February 4 to August 29, 1982, and from July 12, 1983, to March 30, 1984. The stringency of the orbit criterion has excluded some events at either end of both sampling periods.
From a total of 121 allowable equator crossings that occurred during these two periods of observation, a total of 70 continuum radiation events were identified, giving an overall frequency of occurrence of 58%. Events were identified by visual examination of the wave electric field spectrograms. A systematic examination of the magnetic field spectrogram was not undertaken because quite often the loop antenna receiver was not operating. It was almost never sensitive enough to detect the magnetic component of the continuum radiation.
Another aid to identification is the upper hybrid resonance noise which is always present during continuum storms. Upper hybrid resonance noise is a very narrow band of noise seen above the electron cyclotron frequency. It often varies rapidly in frequency, indicating the passage of the spacecraft through regions of rapidly varying plasma density. Because the upper hybrid resonance is sometimes obscured by intense radio noise, it is not always visible. For this reason, it is not used as an absolute criterion for the identification of continuum radiation. The criterion for identifying escaping continuum radiation is based on its appearance, which is smooth in time, banded, and with a moirelike pattern on a spectrogram which is due to the beat frequency between the receiver sampling frequency and the spin of the spacecraft. Usually there is no confusion between continuum and auroral kilometric radiation (AKR) even though their intensity ranges overlap. AKR has fine structure that changes on a much shorter time scale than continuum radiation.
Several previous studies of the magnetic local time distribution of magnetospheric continuum radiation have been performed. Gurnett [1975] correlated the intensity of events with magnetic local time at 56.2 kHz (his Figure 14) and found that the most intense events occurred between 4 and 14 hours MLT. In Figure 11 of the same paper a directionfinding study showed that most of the radiation seemed to be emerging from the local morning to early afternoon. Kurth A possible reason for this inconsistency is that the longer orbit period of IMP 6 enabled Filbert and Kellogg to make more precise determination of onset time than we were able to make. With the 6.6-hour orbit period of DE 1 the onset of a continuum event was more likely to be due to the spacecraft coming into position to detect continuum radiation than the physical onset of the event. Thus our temporal resolution may not have been good enough to obtain a positive correlation.
DIRECTION-FINDING ANALYSIS
Because the spin axis of the DE 1 spacecraft is oriented perpendicular to the orbital plane, the Ex antenna rotates in the meridian plane of the Earth. This spin axis orientation is useful for studying continuum radiation since it provides information on source locations in the meridian plane. The direction of arrival of an incident electromagnetic wave can be determined from the spin modulation of the received signal strength. On a frequency-time spectrogram the modulation appears as a series of diagonal bands produced by the beat between the 6-s rotation of the antenna and the 32-s sweep of the SFR. These diagonal bands are easily identified in the spectrograms and permit a simple method of identifying events with spin modulation.
The direction of propagation, projected on the spin plane of the antenna, can be determined from the phase of the spin modulation pattern. For this type of analysis one assumes that the wave electric field is perpendicular to the propagation vector and that the wave is either randomly or circularly polarized. In Figure 4 , wt is the angle of the antenna axis relative to the direction of propagation (projected onto the spin plane), and ß is the angle of the beam from the spin plane. For the assumed field geometry, one can show that the detected electric field is given by IEI 2-IEo1211 -m 2 cos 2 (wt-/•)], The next step in analyzing the data is to perform the spin modulation analysis on the chosen time and frequency intervals using a computer program. The output of this program is a plot of 3, m, and E0 (i.e., the angle of propagation with respect to nadir, the modulation index, and the E field amplitude) versus universal time. The angle of incidence from nadir, & is shown with an error bar of magnitude e, calculated from the error in the least squares fit. On the basis of this output, it is possible to select the frequency and time ranges of an event precisely. The main criterion for choosing an event was that e be less than 5 ø and that the direction of arrival be smoothly and monotonically varying for four or more consecutive 5-min periods of analysis. For these events a second computer program was then used to make a diagram showing the direction of arrival of the radiation with respect to the Earth, the magnetic equator, and the spacecraft for a number of these events. The spin modulation diagrams shown in this study are the output of this second computer program. events can be highly variable from one period to another. Therefore it is likely that the asymmetry is simply due to random fluctuation.
CASE STUDIES
The object of this section is to describe the general properties of continuum radiation, present qualitative results of this study, and illustrate those results with specific examples. The general appearance of a typical continuum radiation event is illustrated in Plate 1. The spectrogram has frequency along the ordinate and universal time along the abscissa. Several other parameters are shown along the abscissa that are functions of spacecraft position. These include the distance from the center of the Earth (in Earth radii, Roe), the L shell, the magnetic local time (in hours), and the magnetic latitude (in degrees). The spectral density of the received radiation at a given frequency and time is indicated by the color. The intensity scale is given at the right of the spectrogram. The calculated electron cyclotron frequency is labeled byfc, and the upper hybrid resonance emission at the spacecraft is labeled by UHR. The UHR emission is identified, as described in section 3, by its narrow bandwidth and its frequency, which is usually several times the electron cyclotron frequency in this study. This basic format will be followed for all spectrograms shown in this study.
Continuum radiation is very weak and rarely exceeds electric field spectral densities of 10-14 V2/m2 Hz. 
where n e is given in particles per cubic centimeter. The onset of a continuum radiation event is often accompanied by a visible drop in the localfui. iR. This drop in fUI-IR is caused by the spacecraft crossing the plasmapause into a region of lower plasma density. The plasma frequency acts as a propagation cutoff for the continuum radiation. An important topic to be studied is the dual beam symmetry of continuum radiation with respect to the magnetic equator. The model of Jones predicts such symmetry. Unfortunately, there is only one case of which we are aware that exhibits a symmetric dual-beam structure: the case of May 6, 1982, analyzed by Jones et al. [1987] . Figure 1 of their paper shows two distinct intensity maxima located symmetrically with respect to the magnetic equator. The angular distribution of these maxima was shown to be consistent with the radio window theory put forward by Jones. A somewhat more typical event is analyzed by Gurnett et al. [1988] . Plate 1 of their paper shows two distinct maxima on opposite sides of the magnetic equator with a clear frequency shift between them. A study of the circular polarization of these two maxima is in agreement with the predictions of Jones' theory. In explaining the frequency shift, Gurnett et al. assumed that the continuum radiation is generated in regions with fUHR = (n + 1/2)fce, where n is an integer. The source of radiation was then presumed to have moved to a region in which the coincidence of (n + 1/2)fc and fUI-IR took place at a lower frequency.
Both of these previously analyzed cases show distinct maxima arranged more or less symmetrically about the magnetic equator. However, as will be shown in this paper, neither the symmetry nor the existence of distinct intensity maxima can be taken for granted. Furthermore, many events comprise several radiation bands over a wide frequency The aspect of continuum radiation that is most directly addressed by this study is the location of the source. In attempting to locate the source of the radiation, it is difficult to separate bands of radiation because of the way the different frequency bands shift and mingle with each other. However, certain trends are evident: higher-frequency sources appear to be closer to the Earth, have lower spin modulation indices, and are progressively more spatially extended than lower-frequency sources. Thus the source region is apparently larger and more diffuse at higher frequencies than at lower frequencies. The radiation at higher frequencies is also sometimes seen at frequencies around the first harmonic of a lower-frequency emission. Finally, at very high frequencies the continuum radiation sometimes fades into a very faint wideband radiation apparently coming from the sunward direction. This radiation is probably of solar origin and is unrelated to the continuum radiation.
The location of the source is a problem that will be seen to imply different solutions for different cases. Almost all cases in this study appear to have their primary sources at or near the plasmapause and close to the magnetic equator. However, in most cases the modulation index decreases with increasing frequency. This dependence indicates that the source broadens as the frequency increases. The physical direction of the source broadening is unclear: it could be extended along the magnetic equator or along a magnetic field line, or in both directions.
The following several paragraphs will be devoted to describing specific examples of continuum radiation. These examples are chosen to illustrate the aspects of continuum radiation noted in the previous several paragraphs, particularly concerning the change in the direction-of-arrival pattern with change in the frequency of the radiation band. Other noteworthy properties will also be discussed. For the upper band the continuum radiation was analyzable across the entire spectrogram. The direction-finding results are shown in Figure 10 , and m is shown in the inset. Note that in spite of the visible variation in intensity of the radiation, m is quite stable, averaging 0.87. There is a source located at 3.5 Roe, again almost exactly on the magnetic equator. However, at 0730 UT the directions of arrival undergo a transition: they can be interpreted as coming from a source on the equator extended around 3 Roe or as emanating roughly perpendicular to a magnetic field line. It is not obvious which of these alternatives provides the best interpretation. Figure 11 If spin modulation analysis is carried out on the 71-kHz band all the way across the spectrogram, the transition between this band and the very bright band encroaching on it is visible. This analysis was carried out, and the result is in Figure 18 . One reason that this diagram is interesting is that the break between the fainter, higher-frequency source and the brighter, lower-frequency source is clearly visible at about 0010 UT. There is an abrupt change of about 5 ø in the direction of propagation. Thus the different bands are clearly propagating at different angles. What makes it even more interesting is that the three beams appear to come from approximately the same region along the magnetic equator. The implications of this fact will be discussed in section 7.
Plate 5 shows a case from August 1, 1982, in which two distinct intensity maxima appear from 1840 to 1855 UT and from 1900 to 1910 UT, respectively. The latter intensity maximum displays an upward trend in frequency with increasing magnetic latitude. At a slightly higher frequency there is a strong AKR event. At 1840 UT this event has a sharp low-frequency component that appears to be related to the observed continuum radiation. Figure 19 gives direction-finding results for a band of radiation across the high-intensity part of the event. Some of the ray paths converge at about 4 Roe from the center of the Earth and 12 ø north of the magnetic equator. As the spacecraft moves northward, the directions of arrival become roughly parallel to each other and might be construed to come from a source distributed in latitude along a magnetic field line. This pattern is the same as that of the April 19, 1982, event as shown in Figure 10 , except that the point of convergence is not on the magnetic equator.
From the observations and analysis described in this section, it is possible to make the following statements about continuum radiation. 2. Continuum events that display symmetry about the magnetic equator are rare.
Continuum events that explicitly display
3. A typical continuum event can comprise several frequency bands and spread over several hundred kilohertz. These bands are sometimes observed to shift in frequency and merge with each other. 4. At low frequencies there is typically a well-defined source radiating into a large range of angles (•<50 ø) in the meridian plane.
5. At higher frequencies the source of radiation tends to be more diffuse than at lower frequencies, and it gives a lower spin modulation index.
6. Sometimes harmonics of a given radiation appear to be excited. These harmonics have lower intensities, significantly lower spin modulation indices, and much more poorly defined sources than do the "parent" emissions. that is well away from the magnetic equator. These events appear to be associated with auroral kilometric radiation.
DISCUSSION
In this study, a number of properties of continuum radiation have been observed and analyzed. We will now compare these observations with the predictions of the radio window hypothesis of Jones and others.
The predictions of the radio window hypothesis in its simplest form are as follows: a source point along the magnetic equator should give rise to two beams at equal angles from the magnetic equator as given by equation (1). The inclusion of warm plasma effects and the use of a full-wave theory broaden the longitudinal extent of the beam but do not change the latitudinal intensity profile (see Figure  4 and the bottom panel of Figure 8 of Budden and Jones [1987] ). Furthermore, since the radio window mechanism is efficient only in a region in which •N e is nearly perpendicular to B, the source should be at the magnetic equator except in times of strong magnetic disturbance. A basic feature of the source geometry is its symmetry. The radiation is generally expected to be symmetric about the magnetic equator.
To get a better idea of the predictions of the radio window hypothesis, it is useful to use equation (1) measured beaming angles with calculations using reliable electron density models needs to be done, but these two cases indicate that wide variation in beaming angle should not be seen and that the beaming angle should always be around 20 ø .
Even without using a model of the electron density it is possible to do a comparison of these results with the predictions of equation (1 Finally, specific beaming angles can be compared with the predictions of (1) using frequency and source position from the direction-finding diagrams and spectrograms. A number of calculated and observed beaming angles are tabulated in Gurnett et al. speculate that the frequency change was due to the radiation source moving as the spacecraft crossed the magnetic equator. However, the variations in frequency with changes in the geocentric distance of the spacecraft are too common to be coincidence. In fact, apparent source motion as the spacecraft crosses the magnetic equator is observed in the January 30, 1984, event in this study (see Figure 13 ). The apparent asymmetry of continuum events appears to be related to the orbit configuration, although another possibility is that the magnetic field or electron density is asymmetric about the equator.
The statistical data bear out this conclusion. Figure 7 , the scatterplot of spectral density against propagation angle from the magnetic equator, shows no trend. Figure 8 shows a basically flat occurrence distribution over angle from the magnetic equator. Over the 75 events in these statistical This lack of an observed minimum around the magnetic equator is probably the strongest evidence against the radio window model that is presented in this study. However, there is other evidence worth discussing.
The beaming angle predictions based on specific electron densities give fairly constant and low beaming angles, around 20 ø from the magnetic equator. Very clearly, the angular spread of the radiation does not conform to this prediction. In fact, most of the direction-finding diagrams show a wide angular spread. There are a large number of beaming angle observations that are well away from the predictions of equation (1) in conjunction with independent electron density models. Figures 9 and 12) .
Thus there is strong evidence in the observed beaming pattern against the radio window hypothesis. Unfortunately, the evidence is not perfect. Some of the problems are noted below.
It has been noted in the discussion of the spectrograms that an intensity minimum is indeed sometimes visible. The case of January 30, 1984, between 50 and 100 kHz, shows a minimum in the radiation intensity in a range around the equator, although the intensity does not fall off by the 20 dB predicted by Budden and Jones [ 1987] . The upper frequency band shows the radiation going to background around the equator. The event of August 1, 1982 (Plate 5), shows the radiation going to background between two beams, although the source of radiation does not appear to be at the equator. The location of observed minima at the equator is consistent with the radio window hypothesis. Horne [ 1989] has pointed out that within the context of the radio window model, continuum radiation emitted from radio windows near the equator is expected to have higher intensity than that emitted at higher latitudes. The very faint occurrence gap observed at the equator at high intensities in Figure 7 and mentioned in section 5 could be the result of such an effect. If this faint occurrence gap is real, it lends some support to the idea of latitudinally extended or variable radio windows. However, often the radiation observed at the equator is of a different character from continuum. Sometimes it takes on the appearance of (n + 1/2)fce modes as in Plate 4. Quite often spin modulation analysis results in a large error, which means these time intervals will not be counted in the statistics. This is the probable explanation of this occurrence gap.
Thus variable and extended sources go some distance toward explaining differences with the radio window model. However, such mechanisms do not account for individual cases such as the lowest frequency band of the April 19, 1982, event, where a single well-defined point source gives a direction-of-arrival pattern with a wide angular distribution and a very small intensity minimum near the equator.
Another problem with the interpretation of the data that weakens the conclusion of this study is the fact that there is a weak spin-modulated radiation, probably from the Sun, that influences the direction-finding results at high frequencies some of the time. This radiation is visible over a very wide frequency range in Plate 2, the spectrogram for the January 30, 1984, event. The effect of this type of radiation would be expected to be what is observed in Plate 3; the pattern of Figure 14 is reproduced except that the beaming angle from the magnetic equator is sharply reduced. In general, this helps to explain the directions of arrival close to the magnetic equator but makes it harder to explain the large angles found, particularly when compared to the results using the electron densities.
One aspect of continuum radiation which might be partially explicable within the framework of the radio window hypothesis is the appearance of several bands of radiation at widely varying frequencies. Of the case studies presented, all except that of August 1, 1982, appear to be multibanded. Finally, the radio window hypothesis specifically predicts that one source region will emit at a single frequency in one direction. Figure 20 illustrates this point for a series of source points along the magnetic equator. Figure 18 , the direction-finding diagram for the strong event of April 4, 1984, shows three quite distinct beaming angles at a single frequency and apparently from a single region along the magnetic equator between radii of 2.5 and 3.0 Re. If the source is on the magnetic equator, this is a clear contradiction of the radio window hypothesis. A way out for the hypothesis might be if there were a number of sources extended latitudinally along L shells. Lower-angle emissions, from lower L shells, could be detected in the equatorial intensity minimum of the emissions from sources at higher L values.
To sum up the results of this study, it has been seen that there is very little positive evidence for the radio window hypothesis for the generation of continuum radiation. Some of the observations can be qualitatively explained by resorting to the inherent complexity of the geometry of the radiating region. However, with all of this complexity, one still expects that if the radio window model were true, a minimum in the intensity should be observed around the magnetic equator and maxima should be observed close to 20 ø north and south of the equator. These features are not consistently or clearly observed in either the statistical data or the individual case studies. The correctness of the radio window hypothesis will be established by the ability to model a source region that can emit over a wide range of angles from the plane of the magnetic equator both statistically and in individual cases.
